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Currently, thermally excited magnons are being intensively investigated owing to 
their potential in computing devices and thermoelectric conversion technologies. 
We report the detection of thermal magnon current propagating in a magnetic 
insulator yttrium iron garnet under a temperature gradient, using electron spins 
associated with nitrogen-vacancy (NV) centers in diamond. By exploiting the 
interplay between coherent and incoherent magnons, thermal magnon current is 
observed via NV spins hosted in a beam-shaped bulk diamond and a nanodiamond 
coupled with coherent magnon in the form of modified Rabi oscillation frequencies 
as well as spin relaxation rates. The local probing of thermal magnon current 
serves as a basis for creating a new device platform hybridizing spin caloritronics 
and spin qubits. 
Introduction 
The utilization of magnons, i.e., the quanta of collective excitation of spins, in a 
magnetically ordered media for transmitting and processing information has flourished 
in the recent decade and is known as magnon spintronics1–4. Moreover, the emerging 
field of spin caloritronics5, which utilizes the interplay between spin and heat currents, 
resulted in an alternative strategy in creating more efficient computing devices6,7 and 
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versatile thermoelectric conversion technologies8. The advancement of this field relies 
on the ability to sensitively probe spin dynamics without distracting the system. 
Quantum sensors based on the electron spins associated with nitrogen-vacancy (NV) 
centers in diamond9,10 has been regarded as high-resolution and high-sensitivity sensors 
for various condensed matter phenomena11. NV centers can be strongly coupled with 
coherent magnetostatic spin waves (MSWs) owing to their energy matching (one to tens 
of gigahertz)12-18. Thermally excited magnons, which appear in a significantly higher 
energy regime (defined by ℏ𝜔 = 𝑘!𝑇) than NV spins, are rarely investigated through 
NV spin-based magnetometry owing to the gap between their energies. These 
incoherent and high energy magnons are known to interact with lower-energy magnons 
MSWs by transferring their spin angular momentum, known as the thermal magnon 
spin-transfer torque19–24.  
Recently, magnon population has been measured and controlled via pumping the NV 
center by spin waves at the NV spin resonance frequencies with a single NV spin 
sensitivity25-27. Furthermore, the same effect was observed nonlocally using the inverse 
spin Hall effect28. Additionally, NV spin excitations and modulations via the spin-
4 
 
transfer-torque oscillation of spin waves by electrical methods through the spin Hall 
effect has been demonstrated recently29,30.    
Herein, we report the detection of thermally excited magnon current by exploiting the 
thermal magnon spin-transfer torque. Using the NV spins hosted in a bulk single crystal 
and a nanocrystal diamond, we observed the modification of the MSWs’ magnetization 
dynamics under the effect of the thermal magnon current applied to a magnetic insulator 
yttrium iron garnet (YIG) sample.  
 
Figure 1| Mechanism of thermal magnon current detection. Nitrogen-vacancy center 
spin in diamond probes thermally excited magnon current mediated by magnetostatic 
spin waves. 
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Results 
System and experimental procedure 
We used a trilayer of single-crystalline YIG/gadolinium gallium garnet (GGG)/YIG of 
thicknesses 100, 550, and 100 µm, respectively, measuring 6 mm × 3 mm (Fig. 2a). To 
improve the lattice matching between YIG and GGG, a small amount of Y in YIG was 
substituted with Bi. An in-plane external magnetic field was applied along the y-axis, 
colinear with two gold-wires antenna (50 µm in diameter) placed on both edges of the 
YIG.  
We used two types of diamond to host the NV centers as a quantum sensor for the 
detection of thermally excited magnons; a diamond beam ((110) oriented) measuring 
2.5 mm × 0.1 mm × 0.1 mm containing a layer of the NV spin ensemble and a 
nanocrystal diamond of diameter approximately 40 nm containing several NV spins. An 
in-plane external magnetic field directed along the y-axis created an angle of 
approximately 31.75∘ to the [001] direction (23∘ to NV1 ([111])) in the diamond 
beam (Fig. 2a). Both the diamond beam and the nanodiamond were placed in the middle 
of the YIG’s longitudinal direction. 
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A temperature gradient was created along the longitudinal direction in the YIG sample 
by increasing or lowering the temperature at either site A (𝑇#) or site B (𝑇!) (Fig. 2a). 
Using the temperature sensing capability of the NV spins31,32 and owing to the high 
thermal conductivity of diamond, the temperature in the middle of the YIG’s 
longitudinal dimension was observed to be constant under the application of 
temperature difference ∆𝑇 up to 10 K (see Supplementary Information). ∆𝑇 is 
defined as the difference between 𝑇# and 𝑇! (∆𝑇 = 𝑇# − 𝑇!). 
We used the NV spins’ ground triplet (3A2) states, 𝑚$ = 0 and 𝑚$ = ±1, optically 
addressed using an in-house scanning confocal microscope. The spin-state selective 
photoluminescence (PL) nature of the NV spin allows us to optically discriminate the 
spin qubit states (𝑚$ = 0 yields a higher PL than 𝑚$ = ±1). Spin-state manipulation, 
𝑚$ = 0 ↔ ±1 was performed by the MSW-generated microwave radiation excited 
from the gold-wire antennas separated approximately 2 mm away from the laser spot 
position. This coherent magnons propagating along the 𝐤‖𝐁𝐞𝐱𝐭 × ?^? direction (?^? is 
vector normal to the YIG’s surface), is typically known as magnetostatic surface spin 
waves (MSSWs)33.  
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Spin wave and NV spin resonance mapping 
 
Figure 2| Experimental setup and mapping of spin waves and NV spin resonances.   
a, Experimental setup for probing thermally excited magnon current via NV centers in 
diamond beam. b, Microwave-reflected spin wave resonance spectra as a function of 
externally applied magnetic field. Solid lines indicate upper (red, 𝑚$ = 0 ↔ +1) and 
lower (yellow, 𝑚$ = 0 ↔ −1) bounds of possible ground state resonance transition of 
NV spins. c, ODMR spectra of the NV spins in diamond beam as a function of externally 
8 
 
applied magnetic field 𝐵()*. The region between the two dashed white lines indicate the 
resonance frequency band of magnetostatic surface spin waves. NV1 to NV4 indicate 
four possible NV spins directed to ⟨111⟩ symmetrical axes, as shown in a. d, Zoomed 
spin wave resonance spectra at dotted white square in b. Dashed white line indicates 
resonance transitions of NV spins in c. e, Zoomed ODMR spectra in dotted white square 
in c, showing discretized ODMR resonance line of NV1 owing to crossing with MSSWs’ 
resonant frequencies. f, Line cut of d at 𝐵()* = 19 mT. g, Line cut of e at 𝐵()* = 19 
mT. Both f and g show matching condition at frequency 2.59 GHz. 
First, we mapped out the YIG’s global coherent spin-waves resonance spectra by 
performing microwave reflection (𝑆++-parameter) measurement using a vector network 
analyzer (Rohde & Schwartz ZVB8) at zero temperature difference. Figure 2b shows a 
map of the spin-wave spectra in an increasing external magnetic field 𝐵,-., exhibiting 
lines of resonance spanning from the uniform Kittel mode (ferromagnetic resonance) at 
the bottom line to the MSSWs with the highest wave vector 𝑘 at the upper-most line. 
The solid red and yellow lines indicate the NV spins’ upper (𝑚$ = 0 ↔ +1) and lower 
(𝑚$ = 0 ↔ −1) bound resonance transitions defined by the Zeeman energy, 
respectively. As demonstrated by Kikuchi et al.16 and Andrich et al.15, when a matching 
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condition between the MSSW and NV spins is fulfilled (𝑓/01 = 𝑓23), the NV spins can 
be coherently excited by the MSSW. From the result in Fig. 2b, we can expect 
excitations of NV spins by the MSSWs within the frequencies spanning between the red 
and yellow lines. 
Next, we mapped out the MSSW-driven NV spins resonance frequencies by performing 
optically detected magnetic resonance (ODMR) spectroscopy with an increasing 
external magnetic field 𝐵()* at zero temperature difference. Figure 2c shows a color 
map of the MSSW-driven electron spin resonance from an ensemble of NV spins in the 
diamond beam. As expected, only the NV spins’ resonance transitions that matched 
with the MSSW’s resonance frequencies underwent PL intensity quenching as a 
consequence of the transition from 𝑚$ = 0 to 𝑚$ = ±1. In Fig. 2c, only the 𝑚$ =
0 ↔ −1 transitions that overlapped with the MSSW’s resonance frequencies resulted in 
vanishing resonance lines for 𝑚$ = 0 ↔ +1 transitions. Furthermore, by zooming in 
around the NV1 spectral line in Fig. 2c, a discretized and broadened resonance line 
owing to the frequency matching between the NV spins and the different MSSW modes 
(Fig. 2d) was observed17,34 (Fig. 2e). The matching condition between one of the 
MSSW modes and the NV spins is shown in Figs. 2f and g. 
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Detection of thermal magnon current via coherent driving of NV spins 
Using an ensemble of NV spins in the diamond beam, the ODMR spectra of the NV 
spins were first analyzed under a temperature gradient to detect thermal magnon flow 
via a coherent alternating current (AC) magnetic field generated by the MSSW. We 
tuned the resonance frequency to one of the matching condition frequencies of 2.58 
GHz and analyzed the PL contrast of the ODMR as the temperature difference ∆𝑇 
varied. In Figure 3a, the ODMR spectra with resonance dips at 2.58 GHz are shown 
with increasing ∆𝑇. The ODMR’s PL contrast enhanced as ∆𝑇 evolved from positive 
to negative, indicating a change in the MW excitation power from that of the MSSWs35. 
Hence, the linear dependence of PL contrast on ∆𝑇 (see Fig. 3b) is an implication of 
the change in MW excitation strength by the MSSW as thermal magnon current was 
generated under the application of temperature gradient in the YIG.  
Next, the NV spins were driven into their Rabi oscillations between the qubit states of 
𝑚$ = 0 and 𝑚$ = −1. The frequency of the Rabi oscillation 𝛺4 is proportional to the 
square root of the oscillation’s driving strength 𝛺4 ∝ D𝑃/136 and hence can be used to 
detect the change in the MSSW’s magnetization dynamics that drives the Rabi 
oscillation15,16. We drove the Rabi oscillation via the MSSW launched from antenna A, 
11 
 
tuned to the matching condition of 2.58 GHz and simultaneously applying a 
temperature gradient to the YIG. In this case, the applied external magnetic field is 
assigned as +𝐵,-. as it is colinear with the +y axis. The Rabi frequency enhanced as 
∆𝑇 progressed from 0 to −10 K and diminished as ∆𝑇 progressed from 0 to +10 
K (Figs. 3c and d, respectively). The Rabi field can be estimated from the Rabi 
frequency through the relation 𝑏4 = 𝛺4/𝛾(12,36,37, with 𝛾( = 2𝜋 ⋅ 28	GHz/T being the 
gyromagnetic ratio of electrons. The Rabi field 𝑏4 evolved from 18 µT at ∆𝑇 = 10 K 
to 26 µT at ∆𝑇 = −10 K, based on its plot as a function of temperature difference 
(Fig. 3e); this indicates a change of approximately 18% from zero temperature 
difference. 
MSSWs are widely known to propagate unidirectionally and in opposite directions at 
each surface in a ferromagnetic medium38,39. Hence, we can expect to observe the same 
effect with an inverted sign when we switch the external magnetic field to the −y axis 
(−𝐵,-.) and launch the MSSWs from antenna B24. We tuned the NV resonance 
frequency to a matching condition of 2.60 GHz. As expected, we observed an 
enhancement in the Rabi frequency as the temperature difference increased to the 
positive regime from zero temperature difference and a suppression as the temperature 
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difference increased to the negative regime from zero temperature difference (Figs. 3f 
and g). In this geometry, the Rabi field is estimated to evolve from approximately 18 µT 
at ∆𝑇 = −10 K to approximately 22 µT at ∆𝑇 = 10 K (Fig. 3h). 
The observed effect can be interpreted as a thermal magnon spin-transfer torque via the 
thermal magnon current generated by a temperature gradient4,40,41, which interacts with 
the MSSW and relaxes by transferring its spin angular momentum. The transfer of spin 
angular momentum contributes to the development of an anti-damping torque 𝜏.5, 
which alters the MSSW’s magnetization dynamics19,20,24 and perceived by the NV spins 
as an altering Rabi field strength (see Fig. 1a). The effect can be described 
phenomenologically by the Landau–Lifshitz–Gilbert (LLG) equation of magnetization 
dynamics with an additional term from the anti-damping torque induced by the thermal 
magnon current, as follows:24 
6𝑴6* = 𝛾((𝑴 × 𝑩,88) + 9!:" R𝑴 × 6𝑴6* S + 𝛾(𝝉*;,    (1) 
where 𝑴 is the magnetization of YIG, 𝑩,88 the effective excitation AC magnetic field 
responsible for the magnetization precession, 𝛼< the intrinsic Gilbert damping 
parameter of the magnetization dynamics, 𝑀$ the saturation magnetization, and 𝛕.5 
the anti-damping torque induced by the thermal magnon current defined by24 
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𝝉*; = 𝛼*; =|?#|:"$𝑴× (𝑴 ×𝒎).     (2) 
𝛼.5, 𝜔, and 𝒎 are the thermal magnon torque damping parameter, resonance 
frequency, and non-equilibrium component of magnetization, respectively.  
Figure 4 shows a schematic of a toy model for analyzing the phenomenon and inferring 
the thermal magnon torque damping parameter from the observed effect. From the toy 
model in Fig. 4, the effective field of the system is expressed as 𝑩,88 = 𝑩,-. + 𝒃4 +
𝑩6 , where 𝑩,-. and 𝒃4 are the external and Rabi fields, respectively, and 𝑩6 is the 
demagnetization field that equals to −𝜇@𝑴,88. This effective field produces an effective 
magnetization in the YIG, expressed as 𝑴,88 = 𝑴$ +𝒎, where 𝑴$ (𝜇@𝑀$ =
11.9	mT for the YIG used in the experiment) is the saturation magnetization, and 𝒎 is 
transverse component of the magnetization precession. As the precession cone angle of 
a magnetostatic spin wave is small (< 1∘)42, the effective magnetization can be 
simplified as 𝑴,88 ≈ 𝑴$. 
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Figure 3| ODMR spectra and Rabi oscillation frequency as a function of 
temperature difference. a, ODMR spectra with various temperature differences ∆𝑇 
applied to the YIG at 𝐵()* = 19.4 mT. Resonance dip contrast evolved with 
temperature difference ∆𝑇 applied to the YIG. b, ODMR contrast as a function of 
temperature difference ∆𝑇 applied to the YIG. c, Rabi oscillation at three different 
temperature differences ∆𝑇 applied to the YIG for positive external magnetic field 
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𝐵()* = +19.4 mT. Frequency of Rabi oscillation evolved with applied temperature 
difference. Rabi oscillation measurement protocol (depicted on top) comprises two laser 
pulses to initialize and readout NV spin state and an MW pulse with variable pulse 
width 𝜏 at a frequency that matched both MSSW and NV Spins. d, Variation in Rabi 
oscillation frequency 𝛺4/2𝜋 with temperature difference. e, Calculated Rabi field 𝑏4 
inferred from Rabi frequency in d as a function of applied temperature difference ∆𝑇. f-
h, Rabi oscillations, Rabi frequencies, and Rabi fields, respectively as a function of 
temperature difference with negative applied external magnetic field of 𝐵()* = −19 
mT. 
Under the resonance condition, the magnetic damping parameter can be expressed in 
terms of the imaginary part of the dynamic susceptibility as follows:43 
𝜒A" = =%C9&''=(,      (3) 
where 𝜔A is the spin wave resonance angular frequency, 𝜔: = −𝛾(𝜇@𝑀$, and 𝛼,88 =
𝛼< + 𝛼.5 is the effective damping parameter defined by the sum of the intrinsic Gilbert 
damping parameter 𝛼< of the YIG and the damping parameter from the thermal 
magnon 𝛼.5. 
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Because our measurement of the Rabi oscillation as a function of temperature difference 
was performed under a matching condition, we can infer a relation between the Rabi 
field 𝑏4 and the damping parameter 𝛼,88 as 𝑏4 = −𝛼,88𝜔A/2𝜋𝛾( − 𝐵,-. + 𝜇@𝑀$. As 
𝛼.5 evolves with the temperature gradient (𝛼.5 = 𝑎∇𝑇), the Rabi field can be 
expressed in terms of the temperature gradient as follows: 
𝑏4 = −𝛼< =(CD?# − 𝑎 =(CD?# ∇𝑇 − 𝐵()* + 𝜇@𝑀$.   (4) 
From the slope of the Rabi field as a function of temperature difference (Figs. 3e and h), 
a proportionality constant 𝑎 can be obtained, and the thermal magnon damping 
parameter 𝛼.5 was estimated to be 0.3 × 10EF for +𝐵,-. and 0.1 × 10EF for 
−𝐵,-. at an effective temperature difference of ∆𝑇,88 = 5.6 K at the YIG surface. We 
used ∇𝑇,88 =	5.6 K/mm for ∇𝑇 since the MSSWs propagated on the surface from an 
antenna to the center position, and the effect occurred within the half of the YIG’s 
longitudinal direction. These damping parameter values from thermal magnon torque 
agreed well with those reported previously21–24, confirming the existence and 
contribution of thermal magnon current in the evolution of MSSW magnetization 
dynamics19,20,24. 
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Figure 4| Analytical model of the observed phenomenon. A toy model of thermal 
magnon current spin-transfer torque system with a NV spin (blue ball with red arrow) 
and a precessing magnetization 𝑴 in YIG (red arrow). The precessing magnetization 
produces an AC magnetic field (𝒃4) that drives the NV spin into its Rabi oscillation. 
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Local detection via non-resonant NV spin excitation 
 
Figure 5| Experimental setup and results of local detection of thermal magnon 
current. a, Experimental setup for local detection of the thermally excited magnon 
current. Diamond beam was replaced with a nanocrystal of diamond with several NV 
spins. b, ODMR spectra map of NV spins in nanocrystal diamond on YIG under zero 
temperature difference. Non-resonant PL quenching was observed beside the straight 
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lines of the NV spin transitions 𝑚$ = 0 ↔ −1. Inset shows a fluorescence map of the 
nanodiamond used in the measurement. c, Longitudinal spin relaxation rate 
measurement protocol to detect the thermally excited magnon current comprising a 
polarizing laser pulse followed by a variable duration-𝜏 pulse of non-resonant NV spin 
excitation via MSSW at frequency 2.66 GHz; +𝐵()* and −𝐵()* were 13.1 mT 
(dashed black circle in b). NV spin relaxation rate 𝛤 shows linear dependence to 
temperature difference 𝛥𝑇 applied to the YIG. Positive c and negative d external fields 
show opposite trends owing to the non-reciprocal nature of MSSWs. e, Measurement 
protocol for control experiment performed without MSSW driving pulse. NV spin 
relaxation rate 𝛤 shows no dependence on temperature difference 𝛥𝑇 for both 
positive e and negative f external magnetic fields. 
We extended the capability to detect the thermally excited magnon current locally via a 
small number of NV spins in a nanocrystal diamond (adámas nano). Using the same 
setup and technique as in the experiment involving the diamond beam, we mapped out 
the ODMR spectra of the NV spins in the nanodiamond to obtain information regarding 
the coupling between the MSSW and the NV spins. Figure 5b shows the MSSW-driven 
ODMR spectral map exhibiting PL quenching at the resonance transition (𝑚$ = 0 ↔
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−1) of the NV spins. Additionally, a strong PL quenching was observed away from the 
NV spin transitions, at frequencies from 2.5 to 2.7 GHz at the 𝐵()* between 11.5 and 
13.5 mT.  
The spin wave resonance spectra maps in Figs. 2b and d show a strong non-resonant PL 
quenching in the region where the MSSW with high 𝑘-wave vectors was observed. 
This non-resonant excitation is expected to change the longitudinal relaxation rate of the 
optically polarized 𝑚$ = 0 state of the NV spins in the nanodiamond owing to its 
proximity to the surface of the YIG. Under a perturbing dipolar field from non-resonant 
MSSWs with a 𝑘-wave vector that matches the inverse of the distance separating the 
NV spins and the YIG surface, the longitudinal relaxation rate of the NV spins has been 
shown to improve, resulting in PL quenching12,25-27,44. Recently, similar non-resonant 
effects were observed and attributed to PL quenching by parametric magnon 
excitation45.   
Based on the principle of the thermal magnon spin-transfer torque, we can expect the 
amplitude-modulation of the non-resonant MSSWs to alter the relaxation rate of the NV 
spins as a temperature gradient is applied to the YIG. We performed longitudinal spin 
relaxation spectroscopy, in which NV spins were polarized to 𝑚$ = 0 by laser, 
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followed by a dark time for duration 𝜏 before another laser was applied to read the 
remaining population. By varying 𝜏, the time-trace relaxation of the 𝑚$ = 0 state to 
its equilibrium state was observed. The relaxation rate 𝛤 can be inferred as the inverse 
of the time constant 𝑇+ of the exponentially decaying population at 𝑚$ = 0. The 
MSSW at frequency 2.66 GHz and +𝐵,-. and −𝐵,-. =	13.1 mT (marked by dashed 
black circle in Fig. 5b) was driven during time 𝜏 to perturb the relaxation process and 
apply the temperature gradient to the YIG. Figures 5c and d show the linear dependence 
of the relaxation rate 𝛤 on the ∆𝑇 applied to the YIG for positive and negative 
external magnetic fields, respectively.  
The relaxation rate 𝛤 is proportional to the stray magnetic field noise generated by the 
MSSW, as described by 𝛤 ∼ ?#$C |𝐵G|C, with |𝐵G|C the fluctuating magnetic field noise 
perpendicular to the NV’s quantum axis12. According to the fluctuation-dissipation 
theorem, this fluctuating magnetic field noise is proportional to the imaginary part of 
the dynamic susceptibility 𝜒" of the magnet12,46 and hence is related to the effective 
damping parameter 𝛼,88, as described in equation (3). From Figs. 5c and d, we can infer 
that the magnetic field noise from the MSSW evolved proportionally with the 
temperature difference, indicating that coupling occurred between the thermally excited 
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magnon current and the MSSW, thereby affecting the damping mechanism of the 
precessing magnetization owing to the spin angular momentum transfer between the 
two magnon species. 
Additionally, we performed a control experiment in which spin relaxation spectroscopy 
was performed without driving an MSSW (Figs. 5e and f). The results in Figs. 5e and f 
show no dependence of spin relaxation rates on temperature difference (both graphs are 
plotted with the same y-axis scale as Figs. 5c and d, respectively). The results indicate 
that 1) the energy of the thermally excited magnons is beyond the detection capability of 
the NV spins; therefore, they cannot directly be detected by the NV spins. 2) The 
MSSW is important as a medium for the NV spins to detect thermally excited magnon 
currents. 
Discussion 
We demonstrated the detection of thermally excited magnon currents mediated by 
coherent magnons via NV spins, where the thermal magnon spin-transfer torque 
emanated from the thermal magnon current altered the magnetostatic spin-waves’ 
magnetization precession when the YIG magnetic sample was subjected to a 
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temperature gradient. The modulation of the magnetization dynamics of the MSSWs 
was perceived by the NV spins through the alteration of the Rabi oscillation frequency 
with the resonant NV spin excitation using a beam-shaped bulk diamond as well as the 
longitudinal spin relaxation rate with the non-resonant NV spins excitation using a 
nanodiamond. It is noteworthy that the use of the diamond-beam with a known NV axis 
direction is suitable for efficient resonant NV spin excitations but not for non-resonant 
excitations owing to the significant distance of approximately 1 µm separating the NV 
spins and the YIG surface18. Meanwhile, the use of nanodiamonds with an unknown NV 
axis is not suitable for efficient resonant NV spin excitations but suitable for non-
resonant excitations because of their proximity to the YIG surface47. 
This study provides a novel detection tool for thermal magnon currents via the NV 
center, which can be located locally and in a broad range of distances to spin waves. 
This feature cannot be obtained if only conventional methods, such as electrical 
detection via the inverse spin Hall effect, is used to investigate magnon dynamics, as the 
conventional method requires a relatively large electrode and specific configurations 
with proximal distance to the spin waves. Owing to the NV spin’s single spin detection 
sensitivity enabled by its atomic-scale size48, nanoscale probing and imaging of magnon 
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dynamics can be realized in the future, which can provide insights into novel practical 
applications in spin caloritronics and magnon spintronics12,17,29.  
Furthermore, the observed effect demonstrated the control of the NV spin quantum state 
by thermal magnons, enabled by MSWs. This introduces the potential application of a 
novel hybrid quantum information processing system49, where distant NV spins are 
bridged by a ferromagnet and can be coherently mediated and controlled via spin waves 
and thermal magnons to produce entanglements over long distances under ambient 
conditions15,16,30. 
Method 
Diamond beam fabrication 
We used a diamond with (110) crystal orientation fabricated via chemical vapor 
deposition by EDP Corporation. NV defects were created in the diamond by implanting 
14N+ ions using the ion source facility at the Japan Advanced Institute 
of Science and Technology, Center for Nano Materials and Technology with an 
implantation energy of 30 keV and a dose of 1 × 10+C ions/cmC. The implantation was 
followed by annealing at 900 °C for 2 h to mobilize the vacancies to pair with the 
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nitrogen atoms. Using Monte Carlo simulations with the stopping ranges of ions in 
matter software package50, we estimated that the NV defects layer was distributed at the 
depth of approximately 33 nm beneath the diamond surface with concentration of about 
0.6 ppm (substrate density of 3.52 g/cm3 and displacement energy of 37.5 eV51,52). The 
diamond was cut from a diamond chip measuring 2.5 mm × 2.5 mm × 0.3 mm into a 
diamond beam measuring 2.5 mm × 0.1 mm × 0.1 mm by Syntek Co., Ltd. 
Measurement setup 
Optical measurements were conducted under an ambient environment using an in-house 
scanning confocal microscope. Optical excitation was performed using a 532 nm laser 
(MGL-III-532-20mW Changchun New Industries Optoelectronics Technology Co., 
Ltd.) focused onto an acousto–optical modulator (AOM) (Isomet 1250C) to provide a 
controlled pulse excitation with 1 mW of incident power at the sample. The laser was 
guided through optical lines to a 50 ×, NA = 0.6 objective lens (Nikon TU Plan 
ELWD). The emitted PL was filtered using a high-pass filter (Semrock BLP01-635R-
25) before it was focused and coupled with a single-mode optical fiber and conveyed to 
a single photon counter module (SPCM) (Perkin Elmer SCPM-ARQH-14FC). The PL 
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was integrated over a duration of 250 ns. Laser spot positioning on the sample and PL 
imaging were performed via three-axis piezo nanopositioning (MCL nano-LP 100).  
A microwave generator (DS Instruments SG6000F) was used to provide microwaves to 
excite the MSSWs delivered to the diamond. A high-speed multichannel pulse generator 
(SpinCore Pulse Blaster PBESR-PRO-500) provided transistor–transistor logic signals 
to the AOM, RF switch (Minicircuit ZYSWA-2-50DR), and SPCM counter gate. A pair 
of electromagnets was used to provide an in-plane external magnetic field to split the 
NV spin degeneracy and magnetize the YIG. 
To create a temperature gradient in the YIG, two Peltier modules (European 
Thermodynamics Limited ET-007-05-15) were used in the experiment. Each Peltier 
module was sandwiched between two aluminum plates; the bottom side of the Peltier 
modules was thermally connected to a large plate of room-temperature bath, and the 
upper side of the Peltier modules were thermally connected to hot/cold plates on which 
the YIG was bridged along the gap of 1 mm. The temperatures of both plates were 
measured using two T-type thermocouples connected to a dual-channel nanovoltmeter 
(Keithley 2182A), which provided feedback signals to control two source-meter 
instruments (ADCMT 6240A) that fed the Peltier modules. A proportional-integral-
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derivative control algorithm was applied to control the temperature difference between 
both ends of the YIG. 
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